The small punch tests at constant deflection rate were performed on two Fe 3 Al-based alloys with additions of niobium and carbon. The purpose was to study the effect of carbides on ductility and fracture behaviour. Three main quantities were evaluated: maximum force, deflection at maximum force and fracture energy. Temperature dependence of these quantities was fully corresponding to the microscopic image of the fractured specimens. Radial cracks were observed at low temperatures, the contraction of the disc thickness was negligible and the fracture surface was characterized by cleavage facets. On the other hand, a circumferential crack clearly separated spherical cap from the rest of specimen at the highest temperatures. Reduction of the specimen thickness was observed as well as the volume analogical to necking in tensile test. Fracture surface had a dimpled appearance. It was proved that both the fracture energy and the deflection at maximum load were greater in the alloy with the greater carbon and that the ductility was not reduced by the presence of niobium carbides.
Introduction
Small punch test (SP in what follows) is widely used method of mechanical testing in which ball or puncher with a hemispherical tip penetrates a disc-shaped specimen supported by a ring on the other side [1] . The samples are much smaller than conventional tensile test pieces and the test can be very useful if supply of material is limited. The test was developed primarily in an effort to assess the effect of radiation damage on the mechanical properties of nuclear reactor materials [2] . SP tests are utilized in procedures for assessing the damage level of in-service parts in energy and thermal facilities [3, 4] . For this purpose, the results of a set of short-term SP testing of samples extracted from the surface of critical segments of an in-service energy facility could form the basis for an evaluation of the residual lifetime of the segment. Because of their advantages, SP tests have been applied in investigations of the mechanical properties of various metal-based materials, e.g. steels [5] [6] [7] and steel welds [8, 9] , intermetallics [10] , equal channel processed metals [11] and metal matrix composites [12] . The technique has appeared useful also in characterization of orthopaedic polymers [13] , various bone cements [14] and polymeric biomaterials [15, 16] . For almost three decades, the small punch test has been used successfully to evaluate ductile to brittle transition temperature [17] and fracture toughness [18] . Baik et al. [17] observed that the small punch test produced well defined ductile-brittle transition characteristics and demonstrated a significant relationship between the SP transition temperature and the conventional Charpy fracture appearance transition temperature. This finding was thereafter confirmed by a number of experiments and imbedded in the prepared Code of Praxis [19] . The empirical nature of the correlation between SP and Charpy tests opens the question of its sensitive to the alloy type and conditions of the tests. In the present paper, we would like to extend the SP ductile-brittle transition observations to ordered alloys of the Fe 3 Al-type. The purpose of the contribution is to check the effect of carbides on the transition temperature.
Experimental material and methods
The alloys were prepared by melting in the vacuum furnace and cast under argon. The alloys contained (atomic %, Fe balance) (i) 27.6 Al, 1.15 Nb, 0.19 C and (ii) 27.1 Al, 1.11 Nb, 0.76 C. Details of alloy preparation and the results of creep tests are given in the previous paper [20] . The alloys differed mainly in the amount of carbon. Carbon in the alloy (i) was not added deliberately. It resulted from the carbon present in the iron of technical purity that was used for the preparation of alloys. The small punch specimens were prepared by machining cylinders of 8 mm diameter that were subsequently cut by electro discharge machining into slices of thickness1.2 mm. The slices were ground from both sides equally and finally polished to thickness of 0.5 mm. The constant-load cantilever creep machine was adapted for small punch testing. The precise ceramic ball made of FRIALIT® F99.7 was pushed against a specimen supported by a receiving die with a diameter of 4 mm. The diameter of the ball was 2.5 mm. The loading side of the cantilever was forced to move down by a constant rate which corresponded to the deflection rate of specimen centre of 0.006mm/s. The force acting on the specimen was measured using the load cell; the central deflection was measured using the LVDT extensometer. All tests were performed in a protective atmosphere of purified argon. Temperature was measured by thermocouple placed in the receiving die hole in the proximity of specimen. The testing temperatures ranged from 250 °C to 650 °C. Surface observations of ruptured specimens were performed with TESCAN Lyra 3 XMU scanning electron microscope.
Results
Example of typical SP force-deflection curves are shown in Fig. 1 . The quantities necessary for estimation of brittleness-related properties are: maximum observed force P MAX and the deflection at the maximum force C δ . The fracture energy can be obtained by integrating the area under force-deflection curve. In accordance with prepared Code of Practice [19] , the integration should be performed up to onset of fracture defined as 20% force drop after the maximum force. Empirical formulas of Bulloch [21] are applied in the next section for the determination of fracture toughness. That is why the same integration limit is used as in [21] , i.e. the deflection at maximum force. Temperature dependences of the obtained values are given for both alloys in Figs. 2 to 4. For all three quantities, an increase is observed at temperatures above 450°C. A steeper increase of both deflection and fracture energy in the alloy with lower concentration of carbon is postponed to higher temperatures. Consequently, the transition from brittle to ductile behaviour is shifted to greater temperature in this alloy. The addition of carbon does not worsen the ductility of the studied alloys. Temperature dependence of the quantities measured by small punch test is fully corresponding to the microscopic image of the fractured specimens. Radial cracks are observed at low temperatures, the contraction of the disc thickness is negligible and the fracture surface is characterized by cleavage facets (Figs. 5 and 6 ). On the other hand, a circumferential crack clearly separates spherical cap from the rest of specimen at the highest temperatures. Reduction of the specimen thickness is observed as well as the volume analogical to necking in tensile test. Fracture surface has a dimpled appearance (Figs. 7 and 8) . 
Discussion
Mao et al. [22] have shown that the equivalent fracture strain C ε can be selected as a fracture parameter for the SP test specimens. This strain is defined by the following relation:
where 0 t and C t are the initial thickness of the SP test specimen and the thickness of the fractured specimen at the thinnest section, respectively. Equivalent fracture strain C ε can be calculated empirically based on its correlation with the central deflection C δ ( )
(2.)
Bulloch performed an extensive survey of small punch data from various power plant components [21] . He showed that the general linear relationship between equivalent strain at fracture and small punch fracture energy SP E could best be expressed by the equation 052 . 0 58 . 0
where fracture energy SP E is given in Joule. Comparison of the above equation and the present experimental data given in Fig. 9 documents the plausibility of the Bulloch's conclusion. The fracture strain represents a relative measure of the ductility. On the other hand, the fracture toughness IC J provides the resistance to the ductile crack initiation. Mao et al. [22] conducted a number of studies on a range of different materials which indicated that the fracture toughness was related to the equivalent fracture strain by the expression Suzuki [24] Lee [25] Geary [26] Fig. 9 Dependence of equivalent fracture strain on SP fracture energy Application of these equations to present experimental data is illustrated in Fig. 10 . The information following from the figure is the same as concluded by Bulloch [21] . It is clear that the trends predicted by Lee et al. [25] , eq. (7), best reflected the fracture toughness across the whole region of strains. Dependence of fracture toughness calculated by means of eq. (7) on fracture energy is given in Fig. 11 . The resulting fracture toughness is finally plotted as a function of temperature in Fig. 12 . The figure confirms conclusions following from observation of temperature dependences of basic small punch quantities, Taking into account the phase diagram of the system, the observed temperature dependence of fracture behaviour can be related to the transition from D0 3 lattice to B2 lattice. The transition temperature in the binary alloy Fe-27 at.% Al equals about 543°C [27] . shown that both the fracture energy and the deflection at maximum load are greater in the alloy with the greater amount of carbon.
• The ductile-to-brittle transition temperature closely correlates with the temperature of phase transformation from D03 to B2 lattice. This temperature is greater in the alloy with lower carbon owing to greater amount of niobium solved in Fe3Al lattice.
• Dependence of calculated equivalent fracture strain on small punch fracture energy is in reasonable agreement with the dependence obtained by Bulloch [21] from an extensive set of steel data.
• The equation of Lee et al. [25] represents the best tool for evaluation of fracture toughness from the small punch data.
• Temperature dependence of estimated fracture toughness supports the suggestion that the ductility of investigated alloys is not deteriorated by the presence of carbides.
